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Abstract 

The  combustion  of  alane  and  aluminum  with  water  in  its  frozen  state  has  been  studied  experimentally 
and  theoretically.  Both  nano  and  micron-sized  particles  are  considered  over  a  broad  range  of  pressure.  The 
linear  burning  rate  and  chemical  efficiency  are  obtained  using  a  constant-pressure  strand  burner  and  con¬ 
stant-volume  cell,  respectively.  The  effect  of  replacing  nano-Al  particles  by  micron-sized  A1  and  alane  par¬ 
ticles  are  examined  systematically  with  the  additive  mass  fraction  up  to  25%.  The  equivalence  ratio  is  fixed 
at  0.943.  The  pressure  dependence  of  the  burning  rate  follows  the  power  law,  rh  =  aP",  with  n  ranging  from 
0.41  to  0.51  for  all  the  materials  considered.  The  burning  rate  decreases  with  increasing  alane  concentra¬ 
tion,  whereas  it  remains  approximately  constant  with  cases  containing  only  A1  particles.  The  chemical  effi¬ 
ciency  ranged  from  32%  to  83%,  depending  on  the  mixture  composition  and  pressure.  Thermo-chemical 
analyses  are  conducted  to  provide  insight  into  underlying  causes  of  the  decreased  burning  rate  of  the  alan- 
ized  compositions.  A  theoretical  model  is  also  developed  to  explore  the  detailed  flame  structure  and  burn¬ 
ing  properties.  Reasonably  good  agreement  is  achieved  with  experimental  observations. 
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1.  Introduction 

The  aluminum-water  reaction  has  been  the 
subject  of  scientific  research  during  the  past 
50  years  due  to  its  ability  to  liberate  large  amounts 
of  energy  and  green  exhaust  products  [1-4].  Ingen- 
tio  and  Bruno  [5]  suggested  that  aluminum/steam 
reactions  can  possibly  produce  a  specific  impulse 
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greater  than  300  s.  Thus,  coupled  with  the  emer¬ 
gence  of  nano-sized  particles,  researchers  have 
been  examining  A1  and  water  mixtures  for  propul¬ 
sion,  power  generation,  and  hydrogen  production 
due  to  its  efficient  two-component  configuration 
[6-9].  Considerable  efforts  have  recently  been 
made  to  investigate  the  combustion  of  Al-water 
mixtures  in  both  the  liquid  and  frozen  phases 
[10-14],  These  studies  have  shown  high  conver¬ 
sion  efficiencies  in  constant-volume  experiments 
and  very  high  burning  rates  with  nanometer  sized 
A1  particles.  Results  also  revealed  that  micron¬ 
sized  particles  are  difficult  to  ignite  and  to  main¬ 
tain  a  self  propagating  reaction.  The  hydrogen 
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Nomenclature 

Cp 

constant-pressure  specific  heat 

/' 

index  for  preheat  zone;  particle  class 

dP 

particle  diameter 

melt 

melting 

h 

enthalpy 

mix,/ 

mixture  in  the  z'th  zone 

k 

ratio  of  burning  velocity  to  thermal 

R 

dehydrogenation  reaction 

diffusivity 

si,/' 

ignition  of  particle  of  class  i 

L 

thickness  of  reaction  zone 

s-l 

solid-liquid  phase  change 

sL 

burning  rate  relative  to  unburned 

u 

unburned 

mixture 

vap 

vaporization 

T 

temperature 

t 

thickness  of  preheat  zone 

Greek 

symbols 

U 

burning  rate  relative  to  mixture  at 

a 

thermal  diffusivity 

relevant  interface 

c 

normalized  density,  pmix,/pmea „ 

X 

density  weighted  coordinate,  (p/ 

Pmix,5 )  ^X 

e 

normalized  temperature,  T/Tu 

K 

normalized  diffusivity,  f/^T0/o:mix,,' 

X? 

physical  coordinate  of  the  system 

X 

thermal  conductivity 

y 

normalized  coordinate,  x/U5  t0 

p 

normalized  heat  release 

p 

density 

Subscripts 

to 

reference  time  scale,  tao,i  +  17,0,2 

0 

prior  to  ignition 

tb 

burning  time  of  aluminum  particle 

deh 

dehydrogenation 

l 

normalized  particle  diameter,  dp!dp 0 

f-g 

liquid-vapor  phase  change 

yield  from  a  mixture  of  unpassivated  Al  and  water 
is  approximately  5.6%  on  a  mass  basis.  However, 
all  Al  particles  have  a  passivating  oxide  layer, 
which  prevents  oxidation  of  the  Al  at  ambient 
conditions.  A  significant  portion  of  nano-sized 
Al  particles  is  aluminum  oxide  (e.g.,  a  50-nm  Al 
particle  contains  only  68%  by  mass  pure  Al  [7]). 
Consequently,  the  hydrogen  yields  are  much 
lower  than  the  theoretical  value  for  pure  Al 
particles.  Two  approaches  for  minimizing  the  ini¬ 
tial  mass  of  aluminum  oxide,  and  thus  increasing 
the  gravimetric  yield  of  hydrogen,  are  to  replace 
portions  of  the  nanometer  Al  with  micron  Al  or 
introduce  other  ingredients  rich  in  hydrogen 
[15,16], 

Aluminum  hydride,  or  alane,  has  been  broadly 
used  in  many  energetic  materials  due  to  its  high 
hydrogen  storage  capacity  (theoretically,  10.1% 
by  weight)  [17-24],  Alane  is  a  covalently  bonded 
hydride  which  often  appears  in  a  polymeric  form 
(A1H3)„  and  has  at  least  seven  known  non- 
solvated  forms.  The  most  stable  polymorph  is 
a-AlH3  [19,25,26],  Alane  decomposition  or  dehy¬ 
drogenation  (an  endothermic  process)  has  been 
found  to  be  dependent  on  particle  size  [20],  doping 
stimulants,  form,  structure  [20],  and  heating  rates 
[20,27].  Young  et  al.  [27]  found  that  micron-sized 
alane  ignites  in  air  at  temperatures  similar  to  those 
of  nano-Al  particles.  Decomposition  temperatures 
have  been  observed  to  be  as  low  as  60  °C  at  low 
heating  rates  with  doping,  and  as  high  as  900  °C 
at  extremely  high  heating  rates  [20,27].  In  shock 
tube  studies,  Bazyn  et  al.  [28]  determined  that 
once  the  hydrogen  in  alane  has  been  released, 


the  remaining  Al  burns  on  time  scales  equivalent 
to  similarly  sized  Al  particles. 

Micron-sized  Al  particles  typically  contain  less 
than  1%  alumina  by  mass.  Recently,  Connell  et  al. 
[29]  studied  the  effect  of  adding  micron-sized  (2 
and  5  pm)  Al  particles  on  the  burning  rate  of  a 
baseline  mixture  containing  80-nm  Al  particles 
and  water.  The  equivalence  ratio  was  fixed  at 
0.943.  The  loading  of  micron-sized  particles  ran¬ 
ged  from  0%  to  80%  of  the  Al  particle  mass, 
increasing  the  active  Al  content  from  ~74.5%  to 
91%.  The  linear  burning  rate  was  not  noticeably 
affected  until  the  micron  particle  substitution 
exceeded  20%  of  the  active  fuel  mass,  at  which 
point  the  burning  rate  decreased.  The  mixture 
always  remained  ignitable  with  sustained  flame 
propagation,  regardless  of  the  loading  fraction 
of  micron-sized  particles. 

The  present  work  attempts  to  study  the  effect 
of  micron-sized  alane  and  Al  particles  on  the  com¬ 
bustion  and  hydrogen  generation  of  the  nano-Al 
and  water  based  reactive  mixture.  Both  the  reac¬ 
tion  propagation  rate  and  combustion  efficiency 
were  determined.  The  alane  particles  were  charac¬ 
terized  with  thermal  and  microscopy  analyses.  In 
addition,  a  chemical  equilibrium  analysis  was  per¬ 
formed  and  a  theoretical  model  of  the  flame  prop¬ 
agation  process  was  developed. 


2.  Chemical  equilibrium  analysis 

In  order  to  determine  the  effects  of  micron¬ 
sized  alane  and  Al  as  additives  to  nAl/ice 
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mixtures,  and  to  identify  viable  reactive  mixture 
compositions,  thermo-chemical  calculations  were 
performed  using  the  NASA  chemical  equilibrium 
with  applications  (CEA)  Program  [30].  The  pres¬ 
sure  was  7  MPa  ( 101 5  psia).  The  active  Al  con¬ 
tent  of  the  nano-Al  was  74.5%  by  mass  with  the 
balance  being  alumina,  while  the  micron-sized 
Al  and  alane  were  considered  to  be  100%  pure 
fuel.  Figure  la-c  exhibit  the  results  of  the  equilib¬ 
rium  calculations.  The  equivalence  ratio,  tj>,  of  the 
mixtures  was  held  constant  at  0.943.  The  baseline 
case  considered  contained  80-nm  Al  particles  and 
frozen  water  (ice).  A  small  addition  of  alane 
exerts  a  significant  impact  on  the  equilibrium 
flame  temperature  and  product  composition. 
The  alanized  fuel  shows  a  10%  increase  in  the 
specific  impulse  (~[rprod/MWprod]0'5)  and  a  5% 
reduction  in  the  flame  temperature  relative  to 
the  baseline  case.  The  former  can  be  attributed 
to  the  substantial  decrease  in  the  overall  molecu¬ 
lar  weight  of  the  product  species.  Figure  lb 
shows  that  the  addition  of  alane  increases  the 
mole  fraction  of  hydrogen  generated,  while  simul¬ 
taneously  reducing  the  mole  fraction  of  alumina. 
Such  a  reduction  of  alumina  also  mitigates  the 
two-phase  flow  losses  in  the  exhaust  nozzle  of  a 
propulsion  device.  The  fuel  containing  micron¬ 
sized  Al  exhibits  a  modest  improvement  in  the 
specific  impulse  (~2%),  which  can  be  attributed 
to  the  reduction  of  inert  alumina,  when  the 
nano-sized  Al  is  replaced  by  the  micron-sized 
Al.  Figure  lc  shows  the  flame  temperatures  and 
7sp  for  the  baseline  nano-Al/ice  mixture  compared 
to  fuels  containing  20%  micron-sized  Al  or  alane 
as  a  function  of  the  equivalence  ratio.  Clearly,  the 
alanized  formulation  leads  to  the  highest  perfor¬ 
mance,  while  maintaining  the  lowest  flame  tem¬ 
perature  under  most  conditions.  All  three 
formulations  demonstrate  a  temperature  plateau 
under  fuel  rich  conditions  corresponding  approx¬ 
imately  to  the  melting  temperature  of  aluminum 
oxide  (~2300  K).  However,  the  highest  tempera¬ 
ture  and  7sp  always  occur  near  the  stoichiometric 
condition. 


3.  Experimental  approach 

The  experimental  study  involves  measurements 
of  the  linear  burning  rate  and  hydrogen  yield  over 
a  range  of  pressures  using  a  windowed  constant- 
pressure  strand  burner  and  a  constant-volume 
cell,  respectively. 

3.1.  Sample  preparation 

The  reactive  mixtures  under  investigation  were 
comprised  of  80-nm  (procured  from  Nanotechnol¬ 
ogies,  Inc.),  20-pm  Al  particles  (Sigma- Aldrich), 
and  20-pm  Al  hydride  particles  combined  with 
de-ionized  distilled  water.  The  80-nm  “as 
received”  nano  particles  were  passivated  for  96- 
120  h  in  air,  reducing  the  active  Al  content  from 
77-79%  to  ~74.5%,  to  prevent  the  occurrence  of 
low-temperature  reactions  [10].  Both  the  alane 
and  micron  Al  particles  were  assumed  to  be 
100%  active,  since  the  alumina  content  of  the 
20-pm  Al  is  small  and  the  alane  is  believed  to  be 
absent  of  any  oxide.  De-ionized  water  was  pur¬ 
chased  from  Electron  Microscopy  Sciences 
(Reagent  A.C.S  Cat#22800-01),  reporting  a  max¬ 
imum  of  0.01  ppm  silicate,  0.01  ppm  heavy  met¬ 
als,  and  10  ppm  of  residue  (after  removal  from 
packaging,  due  to  evaporation).  Proper  amounts 
of  80-nm  Al  particles  combined  with  either  20- 
pm  Al  or  alane  particles  were  premixed  using  a 
Resodyne  FabRAM®  acoustic  mixer  to  break  up 
agglomerates  and  produce  a  homogenous  fuel 
composition  prior  to  oxidizer  addition.  A  detailed 
description  of  the  passivation  technique  and  mix¬ 
ing  process  is  given  in  Ref.  [10].  The  mixture  was 
filled  into  quartz  sample  tubes  (10-mm  OD,  8-mm 
ID)  and  then  frozen  at  —35  °C.  Recorded  packing 
densities  for  the  100%  80-nm  composition  with 
4>  —  0.943  were  1.60  ±  0.03  g/cm3,  while  increas¬ 
ing  the  mass  fractions  of  20-pm  Al  and  alane  par¬ 
ticles  showed  decreasing  packing  densities, 
ranging  from  1.51  ±  0.03  g/cm3  for  25%  20-pm 
Al  particle  addition  to  1 .44  ±  0.03  g/cm3  for 
25%  alane  particle  addition. 
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Fig.  1 .  Adiabatic  flame  temperature,  specific  impulse,  and  product  mole  fractions  as  a  function  of  fuel  additive  weight 
percentage. 
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3.2.  Particle  characterization  and  thermal  analysis 

High  resolution  scanning  electron  microscopy 
(SEM)  images  of  the  fuel  particles  are  shown  in 
Fig.  2.  The  80-nm  Al  particles  exhibit  spherical 
characteristics  in  contrast  to  the  rhombohedral- 
shaped  alane.  The  20- pm  Al  particles  have  a  wider 
particle  distribution  compared  to  the  other  parti¬ 
cles.  Thermo-gravimetric  analysis  (TGA)  and  dif¬ 
ferential  scanning  calorimetry  (DSC)  experiments 
were  performed  on  separate  samples  of  alane  and 
Al  particles,  as  well  as  mixtures  of  the  particles,  to 
quantify  the  low-temperature  thermal  characteris¬ 
tics  in  an  argon  atmosphere  with  trace  amounts  of 
oxygen.  The  TGA/DSC  results  (Fig.  3)  indicate 
that  the  alane  powder  begins  decomposition  at 
approximately  1 50  °C,  which  is  consistent  with 
published  data  [18-20],  Furthermore,  the  mass 
lost  during  the  process  showed  a  9.6%  reduction, 
accounting  for  the  hydrogen  lost,  which  is  close 
to  the  theoretical  hydrogen  mass  content  of 
10.1%.  Further  heating  of  the  alane  (or  Al)  parti¬ 
cle  exhibited  an  endotherm  in  the  DSC  profile  at 
approximately  660  °C  indicating  melting  of  the 
Al. 

3.3.  Combustion  experiments 

Strand  burner  experiments  were  conducted  at 
nearly  constant-pressure  to  obtain  linear  and  mass 
burning  rates  of  various  reactive  mixtures,  as 
functions  of  both  pressure  and  mixture  composi¬ 
tion.  Details  of  the  system  specifications  and  igni¬ 
tion  procedures  can  be  found  in  Refs.  [9,10]. 
Argon  gas  was  used  as  a  pressurant  to  achieve 
the  desired  chamber  pressure.  Sample  ignition 
was  achieved  via  a  28  gauge  nichrome  hot-wire 
and  NOSOL  363  (classical  double  based  gun  pro¬ 
pellant)  booster  charge.  The  chamber  operating 
pressures  ranged  between  0.86  and  15  MPa 
(125-2175  psia).  A  Setra  pressure  transducer  pro¬ 
vided  static  monitoring  of  the  chamber  pressure, 
and  the  pressure  data  were  recorded  at  500  Hz. 
The  combustion  event  was  photographically 
recorded  using  a  Sony  digital  video  camera.  The 
linear  burning  rate  was  correlated  using  a  conven- 


Fig.  3.  TGA  and  DSC  results  of  neat  alane  in  an  argon 
(with  trace  amounts  of  oxygen)  atmosphere. 

tional  St.  Robert’s  power  law  fit,  which  is  given  in 
Eq.  (1)  as, 

rj[cm/s]  =  ^4(P[MPa])"  (1) 

where  A  is  a  constant  pre-exponential  coefficient 
and  n  is  the  pressure  exponent  [31]. 

Constant-volume  chemical  efficiency  [32]  was 
measured  using  a  181  cm3  constant-volume  vessel, 
to  determine  the  effects  of  pressure  and  mixture 
composition  on  the  hydrogen  yield.  The  opera¬ 
tional  pressure  ranged  up  to  69  MPa  ( 10,015  psia). 
Quartz  tubes  (3.2  cm  x  1  cm)  containing  ~2  g  of 
reactive  mixture  ( =  0.943)  were  placed  onto  a 
carriage  and  positioned  into  the  center  of  the  ves¬ 
sel.  Argon  gas  was  flowed  into  the  chamber, 
allowing  continuous  flushing  of  the  gas  in  the 
chamber  and  purging  of  the  entrapped  air,  until 
the  required  initial  pressure  was  achieved.  Ignition 
was  achieved  via  a  coiled  28  gauge  nichrome  fila¬ 
ment  (without  the  NOSOL  booster)  embedded 
into  the  reactive  mixture  surface  prior  to  freezing. 
The  output  signals  from  the  dynamic  pressure 
transducer  were  recorded  at  5  kHz  during  the 
experiment.  After  completion  of  the  burning,  the 
trapped  gas  products  in  the  chamber  were 
sampled  using  a  calibrated  gas  chromatograph 
(Agilent  3000  Micro  GC)  at  153  kPa  (22.2  psia) 
to  determine  the  concentration  of  molecular 


(a)  80-nm  aluminum  (b)  20-|im  aluminum  (c)  20-pm  Alane 

Fig.  2.  (a)  TEM  and  (b  and  c)  SEM  images  of  particles  considered  [17]. 
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hydrogen.  The  chemical  efficiency  was  obtained 
by  relating  the  measured  hydrogen  concentration 
to  the  theoretical  maximum  value  based  on  the 
stoichiometry  and  reactant  composition. 


4.  Model  development 


A  theoretical  model  was  developed  to  under¬ 
stand  the  flame  propagation  behavior  of  the  mix¬ 
ture.  Details  of  the  model  are  presented  in  Ref. 
[33],  Steady-state  and  one-dimensional  approxi¬ 
mations  are  invoked.  The  entire  region  of  interest 
is  divided  into  six  zones:  (1)  Al/AlH3-ice  preheat 
zone;  (2)  Al/A1H3-Iiquid  water  preheat  zone;  (3) 
Al/AlH3-steam  preheat  zone;  (4)  Al/H2-steam 
preheat  zone;  (5)  nano-sized  particle  reaction 
zone;  and  (6)  micron-sized  particle  reaction  zone, 
as  shown  schematically  in  Fig.  4.  The  alane 
particles  are  assumed  to  dehydrogenate  prior  to 
ignition  [28],  The  governing  equations  and  corre¬ 
sponding  boundary  conditions  are  presented 
below.  The  analytical  solutions  for  the  energy 
equation  in  the  preheat  zones  are  readily  derivable 
and  are  not  presented  here.  The  mixture  density 
and  the  thermal  conductivity  are  calculated  based 
on  the  volume  fractions  of  the  species,  while  the 
mixture  specific  heat  is  calculated  based  on  the 
mass  fractions.  Thermo-physical  properties  are 
calculated  at  a  mean  temperature  in  each  zone. 

AIIAlH3-ice  preheat  zone  (I): 


dT 


Pmix,5  ^5  Cpmix, I  ,  /  ^mix.l 


cf-T 


f  x7  — ►  -00  :  T  -*•  Tu, 

\  x7  =  —  (t\  +  t2  +  tf)  :  T  =  Tmelt; 


(2) 


(i)  m  m  m  (V)  (vi) 


Al!AlH3-\\(\\\i&  water  preheat  zone  (II): 


UC  *L-x 

nix, 5  5  v- pmix,2  ^  ~  Minx. 2  j 

x’  =  —(h  +t2  +  ti)  :2miX2^7  =  2miXii^-| - pH20hs_/SL, 

x1  =  —(t\  +12) :  T=  Tvap; 

(3) 

AUAlH3-stzam  preheat  zone  (III): 

TT  r  dT  tfl- 

Pmix,5t-'5t^pmix,3^/  —  Amx,3  /2  1 

x'  —  ~  (ft  +  h)  ■  2mix,3^=  2mix,2^r+  PH20^/-S^i> 
x'  =  -t]  :  T  =  Tdeh; 

(4) 

A1IH2-s team  preheat  zone  (IV): 


dT 


d2T 


Pmix,5  ^5  fpmix.4  ^  Anix,4  .  /2  ■ 


X  —  t\  Zltljx  4  ^7  —  Zmjx3  j, hrU 3 , 

x'  =  0:7’  =  rsi,; 


(5) 


Reaction  zone  (V,  VI): 

The  present  method  extended  the  approach 
described  in  [34]  to  treat  both  mono-dispersed 
and  bimodal  mixtures  as  given  by  Eqs.  (6)  and 
(7)  for  the  normalized  temperature  and  particle 
diameter.  The  particle  ignition  temperature  and 
burning  time  are  required  inputs  [34],  The  ignition 
temperature  of  20  pm  and  80  nm  aluminum  parti¬ 
cles  are  taken  as  1883  and  1165  K,  respectively 

[34] ,  The  single  particle  burning  time  correlation 
is  taken  from  Ref.  [34],  while  the  pressure  expo¬ 
nent  is  taken  as  a  function  of  ambient  temperature 

[35] . 


dy1 


-K2ff=-plK2f2(0si,1-l)i-W2K2C2(0si,2-l)A; 


0;T<Tsi,2 


y=  0:6  =  0*, 

aylo+  aylo- 

y^L  :g-0. 


(6) 

The  variation  of  the  particle  diameter  can  be  ob¬ 
tained  from  its  burning  time.  In  the  present  anal¬ 
ysis,  an  average  particle  mass  consumption  rate  is 
employed.  The  mass  consumption  rate  is  the  ini¬ 
tial  particle  mass  divided  by  the  burning  time  cal¬ 
culated  based  on  its  initial  particle  size  and  local 
temperature. 

dx  1  _ l  _a_  • 

dy  n,  1  ’ 


dx 2  _ II  IQ  . 

dy  1x1  1b, 2  ; 


y  =  0'-Xi=  1, 
y  ->  L  :  Xi  ~ *  0. 


(7) 


Fig.  4.  Multi-zone  framework  used  in  the  analysis  (alane 
depicted  by  large  white  circles,  nAl  by  small  gray  circles, 
and  pAl  by  large  gray  circles). 


In  Eq.  (7),  the  subscript  i  refers  to  the  particle 
class  (i  =  1 ,  2  for  nano-sized  and  micron-sized 
particles,  respectively). 
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Fig.  5.  Effect  of  additive  weight  percentage  on  linear 
burning  rate  at  a  nominal  pressure  of  7  MPa. 


5.  Results  and  discussion 

Figure  5  shows  the  linear  burning  rate  of  the 
reactive  mixtures  as  a  function  of  additive  weight 
percent  at  a  nominal  pressure  of  7  MPa.  Mixtures 
consisting  of  nano  and  micron-sized  Al  particles 
have  a  relatively  constant  burning  rate  (~2.8  cm/ 
s)  over  the  range  of  conditions  tested.  Connell 
et  al.  [29]  have  shown  that  the  linear  burning  rate 
(at  7  MPa)  held  approximately  constant  for  up  to 
40%  addition  of  2- pm  aluminum  particles  and 
20%  for  5-gm  particles,  beyond  which  the  linear 
burning  rates  began  to  decrease.  In  contrast,  the 
burning  rate  of  a  mixture  containing  alane  parti¬ 
cles  decreased  from  2.6  to  1  cm/s  as  the  amount 
of  alane  increased.  This  phenomenon  can  be 
attributed  to  the  lower  flame  temperature  caused 
by  the  endothermic  decomposition  of  alane. 

The  effect  of  pressure  on  the  burning  rate  is 
given  in  Fig.  6a  and  b.  For  all  the  cases  considered 
here,  the  burning  rate  increases  with  increasing 
pressure.  Flowever,  the  situation  is  reversed  with 
alane  concentration.  The  addition  of  alane  parti¬ 
cles  reduce  the  burning  rate,  while  20  pm  Al  com¬ 


positions  (with  the  same  weight  percentages)  are 
similar  to  the  80-nm  baseline,  achieving  a  slightly 
faster  burning  rate  for  the  highest  pressure.  A  sim¬ 
ilar  trend  was  found  by  Connell  et  al.  [29]  using  2 
versus  20  pm  Al  particles.  Although  ignition  of 
the  mixture  with  75%  80-nm  Al  and  25%  alane 
was  achieved  at  3.55  MPa  (515  psia),  the  burning 
rate  could  not  be  attained  due  to  the  diminished 
luminosity  of  the  combustion  front.  The  low  lumi¬ 
nosity  is  another  indication  of  decreasing  reaction 
temperatures  with  alane  addition.  The  respective 
parameters  in  the  St.  Robert’s  burning  law  for 
each  formulation  are  provided  in  the  figures. 

Constant-pressure  efficiency  tests  were  con¬ 
ducted  by  varying  the  additive  weight  percentage 
at  a  nominal  pressure  of  7  MPa  (Fig.  7).  The  aver¬ 
age  chemical  efficiency  for  the  baseline  propellant 
was  ~72%.  Chemical  efficiencies  of  approximately 
80%  were  presented  by  Risha  et  al.  [7]  for  a  similar 
80-nm  aluminum  and  water  composition,  over  a 
similar  range  of  pressures.  The  combustion  effi¬ 
ciency  for  the  frozen  baseline  composition  should 
be  slightly  lower  due  to  additional  loss  associated 
with  the  phase  change  from  ice  to  water.  The 
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Fig.  7.  Chemical  efficiencies  of  various  mixtures  at  an 
initial  pressure  of  7  MPa. 
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Fig.  6.  Linear  regression  rate  results  for  mixtures  containing:  (a)  alane  and  (b)  20-|rm  Al. 
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Fig.  8.  Chemical  efficiencies  for  various  mixtures  and 
different  initial  pressures. 


bimodal  propellant  compositions  with  either  alane 
or  micron-sized  A1  showed  a  slight  increase  in 
chemical  efficiency  compared  to  the  baseline 
results.  The  results,  however,  remained  approxi¬ 
mately  constant  with  increasing  additive  substitu¬ 
tion.  Efficiencies  for  the  80-nm  and  20-|.im  A1 
cases  appear  to  be  slightly  higher  than  those  with 
similar  compositions  containing  alane  particles.  In 
the  constant-volume  experiments,  the  pressure 
increase  (A P)  during  reaction  for  alane-loaded 
mixtures  decreased  from  5.5  to  4  MPa  with 
increasing  particle  addition,  while  the  pressure 
generated  by  the  micron-sized  A1  composition 
was  approximately  constant  (5. 3-5. 5  MPa). 

Figure  8  shows  the  chemical  efficiency  for  var¬ 
ious  initial  pressures  using  the  same  mixture  for¬ 
mulations  as  those  in  the  strand  burner 
experiments.  The  efficiency  for  the  baseline 
mixture  increased  from  63%  to  80%,  when  the 
pressure  increased  from  3.55  to  10.4  MPa  (51 5 
1515  psia).  Increases  in  efficiency  for  bimodal 
compositions  are  also  shown,  with  the  most  signif¬ 
icant  being  with  the  15%  and  25%  alane  composi¬ 
tions,  which  increase  from  60%  and  32% 
respectively  to  ~80%  at  the  highest  pressure. 
The  efficiencies  for  80-  and  20-|.im  A1  particles 
were  slightly  elevated  from  the  baseline,  following 
a  similar,  linearly  increasing  trend.  Connell  et  al. 
[29]  indicated  that  with  increasing  active  Al  con¬ 
tent,  the  reaction  temperature  increases,  due  to  a 
reduced  initial  alumina  concentration.  Both  the 
increased  equivalence  ratio  and  reduced  alumina 
concentration  resulted  in  a  higher  adiabatic  com¬ 
bustion  temperature,  promoting  formation  of 
molten  alumina  and  improving  the  reactivity  of 
the  composite  fuel.  The  burning  rate  and  chemical 
efficiency  thus  increased  accordingly. 

The  predicted  linear  burning  rates  are  also 
shown  in  Fig.  6a  and  b.  The  model  predicts  a 
thicker  flame  for  the  bimodal  mixtures,  because 
of  the  presence  of  two  different  reaction  zones 
associated  with  nano  and  micron-sized  particles. 


The  longer  burning  time  of  larger  particles  leads 
to  a  wider  reaction  zone.  The  flame  thickness  pre¬ 
dicted  by  the  model  is  about  1  mm  for  the  bimodal 
mixture  and  0. 1  mm  for  the  baseline  80  nm  particle 
mixture.  The  nano-Al  particles  start  to  burn  first 
due  to  their  lower  ignition  temperature,  whereas 
the  micron-sized  particles  remain  relatively  inert. 
In  later  stages  of  reaction,  the  energy  released  by 
the  combustion  of  nano-aluminum  particles  is  suf¬ 
ficient  to  ignite  micron-sized  particles.  An  over¬ 
lapped  flame  configuration  is  observed. 

As  shown  in  Fig.  6,  the  burning  rates  of  the 
bimodal  aluminum  mixtures  are  consistent  with 
the  baseline,  with  15%  20  pm  composition  increas¬ 
ing  from  approximately  3%  to  16%  (0.05-0.5  cm/s) 
above  the  baseline,  and  the  25%  20  pm  formulation 
lying  directly  on  the  baseline  over  the  range  of  pres¬ 
sures  tested.  Burning  rates  of  alane  compositions 
are  shown  to  decrease  up  to  ~50%  compared  to 
the  baseline  with  increasing  alane  weight  percent¬ 
age.  This  is  not  surprising  considering  that  nano 
particles  burn  relatively  faster  than  micron-sized 
particles  and  the  adiabatic  flame  temperature 
decreases  with  the  addition  of  alane.  The  higher 
flame  temperatures  of  aluminum/ice  mixtures  help 
explain  the  observed  decrease  in  the  burning  rate 
associated  with  the  alanized  formulation.  Since 
the  burning  rate  is  dictated  by  the  heat  transfer 
from  the  flame  zone  to  the  condensed  phase,  such 
a  lower  flame  temperature  of  the  alanized  composi¬ 
tion  contributes  to  the  reduction  in  the  burning 
rate.  This  behavior  is  consistent  with  the  experi¬ 
mental  observation  in  which  the  burning  rate 
decreases  with  increasing  alane  content,  whereas 
it  remains  nearly  constant  or  even  increases  slightly 
with  micron-sized  aluminum.  The  theoretical 
results  show  reasonably  good  agreement  with  the 
experimental  data.  The  treatment  of  multi-phase 
flow  is  simplified  by  employing  a  mixture  model 
and  assuming  equilibrium  between  different 
phases.  In  addition,  radiation  heat  transfer  is 
neglected  in  the  present  analysis.  Furthermore, 
accurate  burning  time  data  are  not  available  for 
single  nAl  particles  burning  in  a  liquid  water  envi¬ 
ronment  at  high  pressures.  These  assumptions  are 
believed  to  be  reasons  for  the  disparity  between 
experimental  measurements  and  numerical  predic¬ 
tions.  Further  improvement  is  warranted. 


6.  Conclusions 

The  combustion  of  Al/alane/ice  reactive  mix¬ 
tures  was  characterized  over  a  range  of  pressures 
and  compositions.  Thermo-chemical  results  show 
that  small  quantities  of  alane  added  to  the  base¬ 
line  formulation  can  increase  the  specific  impulse 
by  ~10%,  while  reducing  flame  temperatures  by 
~5%.  Furthermore,  the  presence  of  alane  pro¬ 
duces  more  hydrogen  in  the  products,  reducing 
the  alumina  mole  fraction.  The  linear  burning  rate 
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and  chemical  efficiency  are  relatively  unaffected  by 
the  substitution  of  20-pm  Al  particles  under  con¬ 
stant-pressure  conditions.  The  burning  rate 
decreases  with  increasing  alane  addition,  due  to 
reduced  adiabatic  reaction  temperature,  although 
the  chemical  efficiency  remains  nearly  constant. 

The  linear  burning  rates  for  all  formulations 
considered  increase  with  increasing  pressure,  and 
are  correlated  well  using  a  power  law.  The  pressure 
exponents  for  the  baseline  and  80-nm  Al/alane 
cases  were  shown  to  be  similar  (ranging  from 
0.405  to  0.477),  while  the  pre-exponential  factor 
decreases  from  0.992  to  0.429  with  increasing  addi¬ 
tive  weight  percentage.  The  chemical  efficiency 
increases  with  increasing  pressure  from  approxi¬ 
mately  32%,  reaching  a  plateau  around  80%.  Com¬ 
positions  with  80-nm  and  20-(.im  Al  particles  have 
similar  pre-exponential  values  which  are  slightly 
lower  than  the  value  of  the  baseline  case  (decreas¬ 
ing  from  0.992  to  0.82),  and  pressure  exponents 
increase  from  0.405  to  0.504.  The  chemical  effi¬ 
ciency  increases  with  increasing  pressure  from 
72%  to  approximately  80%,  and  follows  the  same 
trend  as  the  baseline  composition. 

The  model  predicts  a  thicker  flame  for  bimodal 
mixtures  compared  with  cases  using  mono-dis- 
persed  nano-Al  particles,  due  to  higher  burning 
times  inherent  of  micron-sized  particles.  The  three 
mixtures  considered  exhibit  similar  pressure 
dependence  of  the  burning  rate.  The  replacement 
of  25%  micron-sized  Al  particles  for  nano-Al 
results  in  a  similar  linear  burning  rate.  Substitution 
of  20-pm  alane  (~25%)  for  micron-sized  Al  in  the 
mixture  indicates  a  decrease  in  burning  rates  com¬ 
pared  to  the  baseline  of  approximately  1-1.4  cm/s 
(~50%)  over  the  pressure  range  of  interest,  while 
maintaining  the  same  increasing  trend.  The  phe¬ 
nomenon  can  be  attributed  to  the  lower  flame  tem¬ 
perature  resulting  from  the  addition  of  alane. 
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